of a topically applied formulation with the corneal surface produces an inadequate bioavailability at the level of the target sites, with the necessity of repeated instillations of the formulation [2, 3] .
Explorative and industrial research has been therefore focused toward novel approaches that would merge the easy of application and patient compliance, proper of classical eye-drop formulations, with an increased efficacy in terms of drug retention and/or sustained release that characterize most nanotechnology products [6] .
Many nanomedicine strategies have been exploited for the diagnosis and cure of eye diseases. Ocular drug delivery systems (ODDS) range from medical application of nanomaterials, including controlled drug and gene delivery systems, to nanodevices for imaging and diagnosis, to electronic biosensors, to implantable biomaterials for tissue regeneration and prolonged local therapy [7] [8] [9] [10] [11] .
Colloidal (nano-sized) ODDS have provided important results in recent years [12] . ODDS can be suitably engineered to protect the encapsulated drug from degradation and rapid elimination; once applied on the ocular surface, they can ensure a prolonged residence time, especially if made by muco adhesive biomaterials [13] , allowing a sustained release of the drug and reducing the administered dose (costs) and frequency of instillation. If injected intraocularly, they can protect the drug from enzymatic degradation and deliver the active in a controlled manner, strongly reducing the number of potentially dangerous injections.
Abstract
Within a wider research project aimed at the pre-industrial development of nanotechnology platforms for the treatment of eye diseases, this work exploited the possibility of obtaining solid lipid nanocarriers (SLN) using ingredients and operating conditions that could be compatible with the technological requirements of medical formulations used for ophthalmic therapies and, above all, capable of an easy industrial scale-up.
In particular, we tested the possibility of adapting a production method known as Quasi-emulsion Solvent Diffusion (QESD), which already shows a number of operational advantages, such as use of low temperatures and reduced concentrations of surfactants, also to very small production volumes, compatible with expensive and/or poorly available drugs. Cationic SLN (cSLN) were produced using a commercial lipid matrix (Softisan® S100), loaded with a lipophilic probe compound. These cationic carriers could be advantageous in ensuring a prolonged retention onto the negatively charged mucous surface of the cornea.
Introduction
The rationale for ophthalmic drug delivery Controlled delivery of bioactive agents to the eye surface or inner structures is a relevant area of drug research and development, though still highly challenging for the pharmaceutical technologists.
The eye is in fact protected by anatomical, biochemical and functional fences against the entry of exogenous compounds, comprising most drugs [1] . Moreover, the very limited time of contact
Lipid nanoparticles (LN) for ocular application
Because of the potential toxicological consequences of the application of nanosized medicines to the eye tissues [14] and since, from a regulatory point of view, the applied compounds must appear as GRAS materials for pharmaceutical use, many polymers or chemically-engineered biomaterials are not accepted for ophthalmic purposes. Under this aspect, a clear advantage comes from nanocarriers produced using natural lipids, or other biocompatible and physiologically accepted lipid materials and surfactants.
From a technological point of view, LN combine the advantages of polymeric nanoparticles, in terms of stability, modulated drug delivery and good production scalability, with the high biocompatibility of liposomes and nanocarriers made by natural materials. LN have been proposed for various administration routes, including the application to the ocular surface and eye posterior segment [15] [16] [17] ; actually, LN can also be sterilized by different methods, thus complying with the various routes of ocular application [18] . Apart the above favorable characteristics, LN have shown a number of intrinsic advantages relevant for an ocular application: i) the possibility of a controlled/ extended drug release ii) bioadhesive properties, that prolong the residence time at ocular surface iii) their small size would facilitate the penetration and passage across the cornea to the anterior chamber or inner eye structures, facilitating the transport of the drug to the different compartments of the eye iv) they can be formulated as 'classical' eye-drops, with a consequent high patient comfort and compliance; v) a very peculiar feature, discussed by Gan et al. [19] , is that some LN have properties similar to those of the tear film; their topical applicationcan enhance the aqueous layer of tear film and moisten the cornea.
Among lipid-based nanocarriers, solid lipid nanoparticles (SLN) possess a lipid core, solid at room temperature, stabilized by a layer made by a surfactant or a mixture of tenside agents [20, 21] . SLN are produced by different methods, including high-energy technologies, such as high-pressure homogenization (cold-or hot-HPH),and low energy emulsification processes (solvent emulsification-evaporation or diffusion, solvent injection, microemulsion, phase inversion temperature (PIT) method), that allow to originate nanoparticles using a minimum energy [15, [20] [21] [22] [23] . The production method will ultimately affects the nanoparticle mean size and physical stability, drug loading capacity and release profile, and so on. Up to present, only few processes, such as HPH and microemulsion dilution methods have shown to be able to produce SLN on an industrial scale.
We have recently proposed a method for producing LN that intrinsically encompasses a number of positive aspects for an ophthalmic or a parenteral formulation. The Quasi-Emulsion Solvent Diffusion method (QESD), detailed in the Experimental section, was originally proposed for the preparation of polymeric nanosystems [24] [25] [26] , but has been later exploited for the formulation of SLN [27] [28] [29] . It allows to work under operative and formulation conditions compatible with the requirements for an ophthalmic dosage form. The drug and lipid material(s) are dissolved in water-mixable, volatile solvents, like ethanol and acetone that belong to the Class 3 of residual solvents (ICH Q3C) i.e., considered widely suitable for most drug products. Secondly, the aqueous phase can consist of pharmaceuticalgrade water or buffer solution, or another physiologically compatible and, if necessary, sterile medium (e.g., saline). The method requires only very low concentrations of a surfactant agent to produce the SLN that can be chosen to be highly compatible with the eye [30] . Finally, mixing and homogenization of the organic and aqueous phases is made at very low temperatures, thus preserving the integrity of any thermo-sensitive compound.
The present work belongs to a wider research project at NANO-i Research Center, focused on the pre-industrial development of nanotechnology platforms suitable for the treatment of diseases of the anterior and posterior eye segments. We thus exploited the possibility of obtaining SLN using ingredients and operating conditions that could be compatible with the technological features required for an ophthalmic drug formulation and, at the same time, appropriate for an easy, future industrial scale-up process.
In particular, we tested the possibility of optimizing the QESD method for producing an ophthalmic nanotechnological formulation, by using a very low surfactant concentration, solvents highly biocompatible with the eye tissues and, above all, working with very small production volumes, an approach that could be beneficial when expensive or scarcely available drugs must be managed.
Positively-charged (cationic) SLN were selected (cSLN), obtained by adding a cationic lipid (dimethyldioctadecylammonium bromide; DDAB) to the main lipid. These cSLN systems could be advantageous for the delivery of drugs to the ocular surface, which possesses a negative charge due to the mucin layer. The electrostatic interaction of nanoparticles with mucin may ensure a longer residence time and an overall better performance of the drug carrier system [17, 31] . Some Authors also showed a better transcorneal penetration of drugs loaded in cSLN [32, 33] .
In this preliminary study, the SLN were not loaded with an active compound, but a colored probe, Oil Red O was used as a lipophilic model compound.
Experimental Part Materials
The lipid used for the production of the SLN [Softisan ® S100 (S100)] is a mixture of triglycerides of saturated C10-C18 fatty acids, supplied by Sasol GmBH (Germany); Oil Red O, Tween ® 80, DDAB, PBS (phosphate buffer solution, pH 7.4) and sodium chloride were purchased from Sigma-Aldrich Chimica srl (Milan, Italy). Ethanol and acetone (analytical grade) were purchased from Merck (VWR International PBI srl, Milan, Italy); HPLC-grade water was used during the work (Merck). Phosphate buffer solutions were prepared as described in Italian Pharmacopoeia (F.U.I., X Ed.), with the following compositions: phosphate buffer solution, pH 6.6: 250 ml of 0.2 M monobasic potassium phosphate and 89 ml of 0.2 N sodium hydroxide, water q.b. to 1 l; 0.067 M phosphate buffer solution, pH 7.0: 38.9 ml of a 0.908% (w/v) solution of monobasic potassium phosphate added to 61.1 ml of a 2.38 % (w/v) solution of bibasic sodium phosphate; phosphate buffer solution, pH 7.4: 393.4 ml of 0.1 N sodium hydroxide mixed with 250 ml of 0.2 M monobasic potassium phosphate.
Preparation of the SLN with the QESD method
The SLN were prepared by an adapted QESD method. In a preliminary protocol, the procedure encompassed the dissolution of S100, DDAB, and Oil Red O in 2 ml of an ethanol/acetone mixture (1:1, v/v). This solution was slowly injected, through a thin Teflon tube connected to an insulin syringe, into a 25-ml glass tube containing 10 ml of the aqueous phase and kept at 0°C in an ice bath. The mixing of the two phases was supported through a constant stirring at 13500 rpm, by an Ultra-Turrax ® T25 equipped with a G10 dispersing accessory (IKA GmbH, Königswinter, Germany). For the preliminary experiments, the aqueous phase consisted of a water solution of Tween 80 (0.05%, w/v). After 15 min of high-speed stirring, the mixture was sonified (Branson 5002, VWR International PBI srl, Milan, Italy) for 25 min at room temperature, to homogenize the dispersion. Samples were then left to stir for approximately 8 h on a magnetic plate at room temperature, to allow the complete evaporation of the solvents. For the aims of this study, the cSLN were prepared using as a variable the amount of lipid and/or DDAB, whereas the amount of Oil Red O and Tween 80 were kept constant (Table 1) .
Production yield
To verify the influence of the operating conditions upon the properties of the SLN and the production yield, some variables were applied (cf . Table 4 
Size analysis
The mean size (Z-ave) and polydispersity index (PDI) of the cSLN were determined by dynamic light scattering using a Zetasizer Nano ZS90 (Malvern, UK) connected to a PC and using the PCS software (v1.27) by Malvern Instruments for data collecting and processing. The instrument operates using 90° scattering optics. Each SLN batch was 10-fold diluted with HPLC-grade waterand analyzed within 24 h from the preparation. The reported values (Table 2) are the mean ± SD of 90 measurements (three sets of 10 measurements in triplicate).
Zeta potential determination
The electrophoretic mobility and Zeta potential (PZ) were determined by the technique of laser doppler anemometer with the same Zetasizer Nano ZS90.The instrumentation consists of a He-Ne laser with a power of 4 mW at a wavelength of 633 nm. Each sample was diluted 1:100 with HPLC-grade water for the test. Up to 100 measurements on each sample were registered at room temperature to calculate the electrophoretic mobility and, using the Smoluchowski constant (Ka) with a value of 1.5, the corresponding Zeta potential value.
Determination of drug content
The drug content indicates the total amount of Oil Red O in each nanoparticle batch (both encapsulated in the SLN and remained in the aqueous phase of the nanosuspension). One hundred microliters of each preparation were diluted tenfold with ethanol, heating at 50°C in a water bath under vigorous magnetic stirring. This procedure allowed the disruption of the SLN matrix and the release of the entrapped probe. The mixture was then filtered (0.22 µmAcrodisc GHP syringe filters) and analyzed by UV spectrophotometry for quantification of the probe. Standard solutions of Oil Red O in ethanol (λmax: 516.5 nm) gave a linear response in the range 5 to 40 µg/ml (r2=0.9999).
pH and osmolarity
The cSLN were diluted at various sample-to-buffer ratios (1:1, 1:2, 1:5) using three different buffer solutions, at pH 6.6, 7.0, and 7.4. All the buffer solutions were prepared daily. Immediately before and after each dilution, the values of pH (Crison BASIC 20 pHmeter, Hach Lange srl, Lainate, Italy), and osmolarity (Osmomat 030-D cryoscopic osmometer, Gonotech, Berlin, Germany) were determined.
Stability studies
The mid-term physical stability of the SLN liquid dispersions was assessed by measuring the Z-ave, PDI and ZP values after storage at room temperature (20-25°C) or in a refrigerator (4 ± 1°C) in closed glass containers. Each sample was checked at 30 days intervals up to three months.
Preparation of cSLN with different media
In order to produce formulations compatible with the eye tissues, thereby isoosmotic and isohydric, SLN batches were also prepared using, instead of water as the aqueous phase, either physiological saline (NaCl, 9 g/l) or PBS, pH 7.4, both added with 0.05% (w/v) Tween ® 80. The other operating conditions were similar to those reported before.
Results and Discussion

Preparation of the cSLN
The SLN, whose composition is summarized in Table 1 , were prepared according to an adaptation of the method known as QuasiEmulsion Solvent Diffusion (QESD) [25, 27, 29] . The main advantage of the QESD preparation technique is to avoid the use of potentially harmful organic solvents (such as dichloromethane, toluene, etc.), frequently required for the preparation of lipid-based micro-and nanoparticles by solvent evaporation methods. This choice is in most cases driven by the limited solubility of the lipid materials in more polar solvents and represents an enormous drawback when the delivery system must be used on the delicate tissues of the eye. Conversely, in the QESD method highly biocompatible solvents can be used, such as acetone or ethanol.
One formulation was produced without the addition of DDAB (batch S2C), obtaining negatively charged nanoparticles (cf. Table 2 ).
As a model lipophilic compound, Oil Red O was loaded in the SLN, a diazo-compound with coloring power for triglycerides and biological membranes.
SLN analysis
The mean particle sizes (Z-ave), PDI and Zeta potential (ZP) values for the prepared systems are reported in Table 2 .
The particle size of most SLN systems was comprised around 200-250 nm, i.e. within values highly suitable for an ophthalmic application and, noteworthy, for being sterilized by 0.22 µm membrane filtration. Furthermore, previous studies of ours showed that this kind of nanoparticles can be also sterilized by autoclaving (Pignatello et al., unpublished results). The PDI values in almost all the systems were very low (<0.3), confirming their homogeneity in size. As foreseen, all the cSLN batches gave markedly positive ZP values.
Stability studies
All the prepared SLN were submitted to a short-term (1 month) stability test, upon storage at room temperature or at 4°C. Table 3 gathers the measured experimental values that demonstrate a general invariance of the mean technological parameters. Two sample batches, representing cationic (S1B) and neutral SLN (S2C), where stored for a mid-term period (3 months) in the same conditions. As Figure 1 reports, the mean particle size and PDI showed only marginal increases during storage, indicating a good physical stability. In particular, storage at room temperature appeared to be a better condition than at refrigerator temperature. These findings would exclude any important aggregation or degradation phenomenon, and support the suitability of this preparative technique for producing homogeneous lipid nanomatrices.
Formulation variables
During the production process, part of the lipid material remained adherent to the walls of the glass tube and the homogenizer probe. By considering that in this study we also tested the possibility of 'scaling-down' the QESD method to small production volumes, such loss of material could be critical for the quality of the final systems. Therefore, we investigated how to optimize the production yield, avoiding or reducing such phenomenon.
A pair of cSLN systems were selected, namely batches S1A and S2A, which showed suitable technological features, in terms of size and PDI values (cf. Table 2) , to study the effect of the following operating variables:
• The material of the tube (glass or plastic);
• Volume of the aqueous phase (from 10 to 50 ml);
• Diameter of Ultra-Turrax ® accessory (probe), using the smaller IKA S25N-8G instead of the S25N-10G.
As Table 4 shows, using the smaller 8G accessory in particular led to a population of SLN with optimal size values (below 200 nm) and homogeneity (PDI 0.15-0.2). In the meantime, this change allowed to reduce dramatically the loss of lipid material inside the preparation apparatus.
Conversely, the volume increase of the aqueous phase from 10 to 50 ml did not exert a positive effect on the mean size of nanoparticles, and neither on the percent recovery of material (production yield), which remained almost unvaried.
Finally, using a plastic tube instead of a glass one also allowed to double the final yield and to produce nanoparticles with a smaller mean size and PDI (see, for instance, the batch S2A produced in the last conditions).
A concomitant reduction of the amount of loaded drug was observed using a plastic tube; however, such parameter apparently did not give significant information to validate the role of the different operating variables. It must be considered that Oil Red O is a very lipophilic compound (logP 9.4) [34] , thereby, the measured drug content values (expressed as the sum of the probe encapsulated in the SLN and that remained in the aqueous medium) was affected by its very limited solubility. In the presence of a drug molecule, these parameters would deserve to be studied with more attention and optimized as a function of any process variable.
Assessment of pH and osmolarity
To produce nanoparticle systems compatible with the eye tissues, the values of pH and osmolarity of the cSLN were analyzed. As required by the European Pharmacopoeia, all the liquid formulations that are intended for ophthalmic use must fall into defined values: namely, a pH between 6.8 and 7.4 could represent an optimal compromise between solubility/stability issues of the drug and eye tissue tolerability. The tonicity limits may actually range from about 171 to about 1711 mOsmol/l without relevant discomfort to the eye, although for most eye drop formulations a value approaching isotonicity (308 mOsmol/l) is usually accepted.
Since the pH value of the original SLN systems was slightly out of the above limits, it was adjusted by addition of appropriate phosphate buffer solutions, at different dilutions (Table 5) . In this way, the pH of the final formulations was conveyed towards the admitted limits.
Concerning the osmolarity of the cSLN preparations, the S1A batch was produced using either PBS (pH 7.4) or saline as the aqueous phase, always in the presence of the original concentration of surfactant. As Table 6 reports, in both cases a value compatible with the ocular application was achieved.
Conclusions
The main purpose of this experimental work has been the development and validation of a technique (QESD), previously used to obtain polymer-and lipid-based nanocarriers, for the production of formulations with a potential ophthalmic application. To this end, attention has been devoted to the ingredients of the produced SLN systems, and in particular solvents and type/concentration of the required surfactant, operating temperature conditions and, most importantly, the possibility of producing the nanocarriers using very small batch volumes, that can be suitable for very expensive drugs, or compounds active at very low concentrations.
On the other hand, because of our general interest in SLN as a potential drug delivery platform for ophthalmic use, other formulative parameters were evaluated and optimized, to accomplish with the technological requirements of a nanocarrier system to be clinically appropriate for the topical application to the eye.
Using a commercial, highly biocompatible lipid material (a mixture of glycerides of saturated fatty acids), and other opportunely selected components, it was possible to validate the QESD method for producing small volumes of SLN dispersions, loaded with a model lipophilic molecule, which exhibit physico-chemical and technological properties (mean particle size and size homogeneity, net positive surface charge, high drug encapsulation efficiency, stability) all relevant and encouraging from the point of view of an ocular application.
Basing on these preliminary studies, some of the proposed cSLN can be proposed as a technologically advanced nanocarrier for the ophthalmic controlled release of different therapeutic agents. Table 5 : pH values of the cSLN after the preparation or upon dilution with phosphate buffer solutions. The specific variable(s) which characterize each batch [volume of the aqueous phase (10 or 50 ml); glass or plastic tube; S25N-10G or S25N-8G probe accessory] are evidenced in bold under the column 'Conditions'. 
